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Abstract 
Corrosion behavior of the Cu pipe system has been investigated by long term experiment.  The two 
identical experimental systems were made and fulfilled by the solution of 3 % NaCl. The work medium in the first 
system was flowing eight hour in day and in the second the medium was stagnant. The systems were subjected 
eight hour in day to temperature of 80°C. After eleven month the experiment was finished and the corrosion 
attack and character of corrosion products in the systems have been investigated by light and SEM microscopy, 
EIS tests and visually too. 
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1. Introduction 
  Copper  is  very  frequently  encountered 
metal  in  practical  application.  In  standard 
environments  thin  layers  of  corrosion  are 
formed  on  the  copper  surface,  generally 
brownish green or greenish blue in color and it 
is  called  patina.  Patina  has  a  protective  effect 
against corrosion. In presence of some ions (e.g. 
chlorides, sulfides etc.) the layers are changed 
and protectiveness becomes worse [1, 2].  
In  aqueous  media,  hydrate  oxides  of 
copper  are  formed  over  underlying  cuprite 
(Cu2O) [3]. Authors [4] found that the film on 
copper  exposed  to  the  3.4%  NaCl  solution 
consists of Cu2O with traces of Cu2(OH)3Cl on 
the top at longer immersion times. Bianchi et al 
[5]  have shown that Cu2O is a stable phase 
for pH ranging from 5 to 14 and Cu2(OH)3Cl in 
acid  range.  According  to  the  research  results 
copper  in  water  with  chloride  ions    is  first 
covered by Cu2O as the main crystalline patina 
and  in  a  few  weeks    by  the  Cu(OH)2    which 
comes to metastable  CuCl2 . Cu(OH)2 [6]. It can 
be expressed by equations (1) and (2): 
 
   +
 
    +     →      + 2            (1) 
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Sandberg et al presents in his article [7]  
E/pH diagrams of the stability region for solid 
and  soluble  copper  complexes  in  natural  sea 
water  at  25°C  and  stability  region  for  solid 
copper  complexes  at  varying  chloride 
concentration in water at the same temperature 
(Figs.  1  and  2).  Rushing  et  al.  [8]  searched 
the effect of real Cu pipe temperature gradient 
(between  the  warm  and  cold  section  of  pipe). 
They  found  that  it  led  to  significant 
thermogalvanic currents and mixing of medium 
with  different  temperature  influences  copper 
leaching and scale build up too.  
The  subject  of  our  investigation  is  to 
characterize  an  effect  of  flow  on  corrosion 
behavior  of  copper  pipe  system,  in  which 
temperature  is  changed,  by  long-term 
experiment. 
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2.  Experimental material and procedure 
Two identical experimental system from 
copper pipes of diameter 16 and 18 mm were 
prepared  for  testing  (Fig  2).  The  pipes  were 
connected  by  soft  and  hard  soldering  and  by 
fitting.  In  both  systems  the  corrosion  solution 
was  3%  of  NaCl  in  distilled  water. 
The experimental systems were working 8 hours 
per  day  at  temperature  80°C  and  16 hours  at 
22°C.  In the system A the solution was flowing 
(rate 0.27 m.s
-1) for 8 hours. Inlet of working 
medium is marked as number 1 in Fig 2. The 
same  system  B  was  exposed  in  stagnant 
conditions. The experiment lasted 11 months.  
 
Fig. 1. E/pH diagram of Cu-H2O-Cl- system 
in natural sea water 
 
 
Fig. 2. Diagram of stability region of Cu 
complexes at various chloride concentrations 
 
 
Fig 2. Experimental system 
 
Experimental material 
Technical  purity  copper  pipes  (99.9  ± 
0.48 % Cu) have beed used for construction of 
experimental systems (Fig. 3). Two pipes with 
different  diameter  have  the  same  chemical 
composition. The  microstructures  analysis  was 
performed by light microscopy.  
 
   
 
a) 
 
 
b) 
Fig. 3. Microstructure of  Cu pipes (a) with pipe 
diameter 16 mm and (b) with diametr 18 mm Materials Engineering, Vol. 17, 2010,  No. 4   
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In  microstructure  of  copper  polyedric 
grains  with  twins  generated  during  moulding 
and  annealing  were  identified.  In  Fig. 13a the 
microstructure of the pipes with diameter 16 mm 
are shown and of the pipes with diameter 18 is 
in Fig. 13b. 
The  basic  corrosion  characteristics  of 
the  tested  Cu  in  the  3%  NaCl  solution  were 
measured by potentiodynamic method (settling 
delay  to  free  corrosion  potential  of    5  min., 
potential  rate  1 mV.s
-1  in  the  range 
from  -150 mV  to  300  mV  against  to  free 
corrosion  potential  measured  to  the  SCE-
Saturated Calomel Electrode). Measuremnt have 
been provided at temperature 20 °C and 50 °C to 
folow  temperature  effect  on  corrosion 
characteristic  (Fig  4).  Corrosion  potential 
decreased  at  temperature  of  50  °C 
from  -45.5 mV  (at  20  °C)  to  -86.6  mV,  but 
corrosion  current  density  at  this  potential  was 
lower  (1.16 mA.cm
-2)  in  comparison  with  the 
current density at 20 °C (2,875 mA.cm
-2). 
 
 
 
Fig. 4. Potentiodynamic curves of Cu in 3% NaCl solution at various temperatures
b) 50°C 
a) 20°C Materials Engineering, Vol. 17, 2010, No. 4 
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3. Results and discussion 
After  experiment  corrosion  attack  has 
been  evaluated  by  light  microscopy  and 
character  of  corrosion  products  visually,  by 
SEM  and  EIS  (Electrochemical  Impedance 
Spectroscopy) [9]. 
 
Character of corrosion products 
  The  corrosion  products  generated  in 
different  conditions  on  copper  surface  vary 
according  to  visual  comparison.  In  stagnant 
condition  created  film  was  continual,  dark 
brown in color with a little green tone. By the 
semiquantification  analyses  EDX  only 
negligible traces of chlorides (0.5 wt. %) have 
been identified in this area. Film of bottom and 
top side of pipe seemed alike. In pipes, where 
work  solution  was  8  hour  flowing,  color  of 
products  was  blue-greenish,  non-uniform,  they 
have different thickness and poor adhesion. In 
the  top  side  of  pipe  corrosion  products  were 
locally  fallen  down.  Details  of  the  layer 
character have been studied by SEM and they 
are compared in Fig 5 - 10. In Fig 5 is visible 
non-uniformity  of  corrosion  products  at  the 
bottom  of  pipe  in  flow  conditions.  The  basal 
oxide  layer  is  cracked  and  on  it  the  greenish 
Cu2(OH)3Cl  complexes  are  formed  (Fig  6).  It 
was  partially  confirmed  by  the  EDX 
semiqauntification  analyses  (recorded  presence 
of the Cl
- ions in the amount about 5.8 wt. %).  
 
Fig. 5. Overview on the layers in the bottom  
of Cu pipe in flowing medium. 
 
Fig. 6. Detail of the layers in the  bottom  
of Cu pipe  in flowing medium 
 
Adhesion  of  the  upper  layers  is  very 
poor as can be seen in Figs. 7 and 8 where it is 
shown  the  top  of  copper  pipes  of  the  same 
locality  as  in  Fig  5  and  6.  The  corrosion 
products are scaled of the top surface and does 
not  provide  any  protection  against  corrosion. 
In Figs 9 and 10 character of corrosion products 
formed in stagnation conditions are shown. On 
the  base  cuprite  the  complexes  chloride 
compounds are developed only sporadically and 
the  base  layers  are  not  scaled.  The  layers  are 
continual  and  provide  good  protection  against 
chlorides. 
 
Fig. 7. Overview on the layers in the top  
of Cu pipe in flowing medium. Materials Engineering, Vol. 17, 2010,  No. 4   
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Fig. 8. Detail of the layers in the top  
of Cu pipe in flowing medium 
 
To  compare  protective  properties  of 
layers formed in stagnant and flowing medium 
the  polarization  resistance  has  been  measured 
using the method of EIS (settling delay of free 
potential 20 min., range of measurement from 
100  kHz  to  20   Hz,  frequency  changing  20 
times  per  decade).  Results  are  in  Tab.  1  and 
Nyquist diagrams in Fig 11. The simple (R + 
Rp/C) equivalent circuit was used for analyses 
of Nyquist plots [10, 11].  
 
Tab. 1 
Results of the EIS test 
Sample  Rp [kΩ . cm
2]  C [µF . cm
-2] 
Stagnant 
conditions  11.03  115.3 
Flow  conditions 
– bottom  5.782  226.0 
Flow  conditions 
– top  1.419  224.3 
 
 
It  can  be  seen  that  the  polarization 
resistance of the sample from stagnant condition 
is  higher.  The  thicker,  non-uniform  layers 
created in flowing medium has poor protective 
ability and in the top of pipe almost none. These 
results  are  supported  by  studying  of  corrosion 
attack  of  copper  pipes  in  stagnant  and  flow 
conditions. Character and intensity of corrosion 
has been evaluated by light microscopy as it can 
be seen in Fig. 12 and 13. 
Changes  of  copper  pipes  corrosion 
behavior have been studied by light microscope 
and great differences have been observed. In Fig 
13  corrosion  attack  of  copper  in  stagnant 
conditions  (from  the  locality  11  in  the 
experimental  system,  Fig  2)  and  in  flow 
conditions (Fig 12) is compared. It can be seen 
that  corrosion  in  flowing  medium  is  more 
intensive in comparison with the one in stagnant 
conditions  in  spite  of  the  fact  the  chemical 
composition of work solution is the same and 
changes of temperature too. The surface in flow 
conditions is corroded generally and corrosion is 
started on the grain boundary.  
 
Fig. 9. Overview on the layers in the bottom 
of Cu pipe in stagnant medium. 
 
Fig. 10. Detail of the layers in the bottom of 
Cu pipe in stagnant medium. Materials Engineering, Vol. 17, 2010, No. 4 
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The  depth  of  metal  degradation  is 
varied  mostly  from  10  to  25   m  and  it 
depends  on  a  locality  in  the  experimental 
system. Corrosion of copper pipe in stagnant 
condition  starts  on  the  grain  boundaries  too 
but its depth and density of corrosion attack is 
less (Figs. 12 and 13). 
Fig. 11. Nyquist plots of various Cu layers  
in 3% NaCl 
Fig. 12. Corrosion attack of Cu in flowing 
medium 
 
Fig 13. Corrosion attack of Cu in stagnant 
medium 
4. Conclusions 
•  The work solution of 3% NaCl at flowing 
velocity 0.27 m.s
-1 does not cause cavitation 
and wear of the copper surface. But it has 
a great influence on properties of corrosion 
products  and  transport  activities  of 
aggressive chloride ions and oxygen. These 
factors affected significantly corrosion rate 
of  copper  pipes  in  stagnant  and  dynamic 
conditions. 
•  Flow  of  work  medium  disturbed  the 
naturally formed copper oxide layers which 
have  protective  character.  Cu  complexes 
with  different  protection  ability  against 
corrosion  have  been formed  on the top of 
them.  They  are  created  layers  of  non-
uniform thickness and have worse  adhesion 
than Cu2O on the metal surface. 
•  Differences  in  transport  activities  and 
various distribution of oxygen and chloride 
ions  in  stagnant  and  dynamic  conditions 
result  changes  in  character  of  corrosion 
products.  In  flowing  conditions  the  Cu 
complexes of Cu2(OH)3Cl nature are formed 
in  larger  amount,  what  was  confirmed  by 
EDX analyses. 
•  Character and intensity of corrosion damage 
in the dynamic conditions according to light 
microscopy  evaluation  is  the  depth  of 
corrosion  attack  about  10 times  bigger  in 
comparison with stagnant conditions. 
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